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Micropuncture and microperfusion of defined isolated neph-
ron segments have provided important information on the
localization of different transport systems along the mammalian
nephron. As these studies have progressed, an increasingly
specialized series of ever smaller nephron segments has become
apparent, At present, the nephron is divided into at least 10 to
12 different parts. This heterogenity within a single nephron is
even further complicated by the existence of functionally dis-
tinct superficial and deep nephrons. Furthermore, any nephron
segment may contain multiple cell types, each of which may
subserve different and specific functions within that nephron
segment.
In addition to the various tubular epithelial cells, the kidney
contains cells of the renal vasculature, the interstitium and the
lymphatics. Overall then, the kidney is composed of at least 30
different cell types. Most likely this still represents an
oversimplication. The enormous problem of isolating a defined
cell population from such a heterogenous organ can easily be
envisioned. The present paper will provide a brief overview
about isolation methods for individual nephron segments and
individual cells and some of their applications.
Isolation of individual nephron segments and use in biochemical
experiments
The use of defined nephron segments allows determination of
transport functions as well as characterization of a number of
metabolic and hormonal systems along the nephron (Table 1).
Microdissection of larger numbers of individual segments is
facilitated by perfusion of the kidney with collagenase contain-
ing buffers and subsequent incubation with collagenase 1].
Microdissection is cumbersome, time consuming and requires
considerable skills and knowledge of the morphology of the
various nephron segments. The low yield of tissue by this
technique is largely outweighed by the clear identification and
characterization of the specific nephron segment studied. For
example, the development of microassays has allowed determi-
nation of a number of enzyme activities in such microdissected
nephron segments. Microdissection techniques have allowed
segmental analysis of the hormone responsive adenylate cy-
clase [1], distribution of a number of enzymatic steps involved
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in metabolism [2—7], prostaglandin synthesis [8—10], Na-K
ATPase [11] and kallikrein activity [12, 13]. Also, microdis-
sected nephron segments can be brought into primary cell
culture yielding cells of defined nephron origin [14—17].
For other studies the small yield of nephron segments by
microdissection may he too limiting. In order to improve yield,
several methods have been described to obtain fractions en-
riched with cells of specific nephron segments. For example,
glomeruli can be isolated by mechanical means using sequential
sieving of minced renal cortex [18]. Alternatively, glomeruli can
be separated from tubules and cells by density gradient centrif-
ugation [19, 20], or by preloading them with iron followed by
isolation in a magnetic field [21]. Glomeruli obtained by either
method are usually over 90% pure and have been successfully
used for a multitude of biochemical studies. These include:
general metabolic studies [22]; determination of various hor-
mone receptors, such as angiotensin Il [23], insulin [24], para-
thyroid hormone [25, 26], and histamine [27, 28]; adenylate
cyclase activation [1, 25, 26, 29, 30]; guanylate cyclase [31];
phosphodiesterase [32]; metabolism of arachidonic acid, includ-
ing prostaglandins, thromboxane, and tipoxygenase products
[33—37]; phopholipid metabolism [38, 39]; release of renin [40];
plasminogen activator [41]; histamine synthesis [42]; and pro-
duction of platelet activating factor [43, 44]. Finally, glomeruli
can be used for primary cell culture of mesangial, epithelial, and
in some cases, endothelial cells [45].
Suspension of cortical tubules have also been used for a
variety of metabolic studies, similar to the ones listed above for
the glomerulus (Table 1). Since more than 85% of cortical
tubular cells are of proximal origin, in general no additional
enrichment has been attempted for that segment. A gradient
centrifugation method for purification of proximal tubules has
been described [48]. Enriching for distal tubules is much more
difficult as the distal tubule represents only a few percent of the
coritical tubular mass. Some enrichment of distal tubules by
gradient centrifugation has been achieved [48, 50]. A prepara-
tion enriched in thick ascending limbs of Henle's loop can be
obtained from the outer medulla by Percoll gradient centrifuga-
tion [SI]. Similarly, enrichment of papillary collecting tubules
should be relatively easy as few other "thick" nephron seg-
ments are present in the renal papilla. Finally, a method based
on graded sieving and magnetic separation after perfusion of the
kidney with iron particles has recently been described which
allows enrichment of renal cortical microvessels [52]. This
preparation may be of particular interest in determining
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Microdissection
Density gradient [471
Density and velocity sedimentation [78]
Free flow electrophoresis [801
Microdis section
Immunodissection [691
General metabolic studies [19—22]
Hormone receptor studies [23—25, 281
Adenylate cyclase [25, 26, 29, 301
Guanylate cyclase [311
Arachidonic acid metabolism [33—37]
Phospholipid metabolism [38, 39]
Generation of:
Histamine [421
Platelet activating factor [43, 44]
Plasminogen activator [41]
Renin [40]
General metabolic studies [2—71
Hormone responsive adenylate cyclase [1]
Na-K-ATPase [11]
Arachidonic acid metabolism [81
Vit. D metabolism [49]
Kallikrein activity [12, 13]
General metabolic studies [2]
Hormone responsive adenylate cyclase [11
Na-K-ATPase [11]
General metabolic studies [2]
Hormone responsive adenylate cyclase [1]
Na-K-ATPase [11]
General metabolic studies [2]
Hormone responsive adenylate cyclase [I]
Na-K-ATPase [II]
General metabolic studies [2, 46]
Hormone responsive adenylate cyclase [1, 46]
Arachidonic acid metabolism [47, 731
Na-K-ATPase [11]
General metabolic studies [2]
Hormone responsive adenylate cyclase [1]
Na-K-ATPase [II]
Kallikrein activity [12, 13]
Arachjdonic acid metabolism [9]
General metabolic studies [2]
Hormone responsive adenylate cyclase [1]
Na-K-ATPase [1]
Kallikrein activity [12, 13]
Arachidonic acid metabolism [8—10]
General metabolic studies [2]
Hormone responsive adenylate cyclase [1]
Na-K-ATPase [11]
Kallikrein activity [12, 13]
Arachidonic acid metabolism [91
General metabolic studies [2]
Hormone responsive adenylate cyclase [I]
Na-K'-ATPase [Ill
Kallikrein activity [12, 13]
In summary, the use of defined nephron segments has greatly type. In order to achieve this goal, a further step has to be taken
advanced our understanding both of transport and of biochem- so that nephron segments can be "dissected" into individual
Table 1.
Nephron segment Isolation method Experimental use
Microdissection
Magnetic forces [211
Sequential sieving [18]
Density gradient [19] and zonal
Centrifugation [20]
Glomerulus
S Cell types
Proximal Convoluted Tubule
2 Cell types
Pars recta
2 Cell types
Descending thin limb of Henle's loop
4 Cell types
Ascending thin limb of Henle's loop
One cell type
Thick ascending limb of Henle's loop
Two cell types
Distal convoluted tubule
Three cell types
Cortical collecting tubule
Two cell types
Medullary collecting tubule
Microdissection
Microdissection
Microdissection
Microdissection
Density centrifugation [79]
Centrifugal elutriation [73]
Microdissection
Density centrifugation [50]
Free flow electrophoresis [801
Two cell types Microdissection
Papillary collecting tubule
MicrodissectionTwo cell types
prostaglandin synthesis, as these vascular segments are the
major regulators of pre- and post-glomerular resistance, which
in turn are influenced by local prostaglandin synthesis [53].
ical processes occurring in the defined segments. Most nephron
segments contain, however, more than one cell type (Table 1),
making it difficult to assign a specific function to a specific cell
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cell types. This can, in part, be achieved by cell separation and
cell culture techniques, methods that should be considered as
complimentary. For example, isolation of specific cells will
allow their culture, while the characteristics of cultured cells
can be compared to those of specific isolated cells, allowing
their identification.
Cell culture is reviewed by Dr. J. Handler in this volume. The
next two sections will review aspects of cell isolation and of
their subsequent separation with reference to some applications
in renal research. For a more general and extensive review of
the subjects of cell isolation and separation the reader is
referred to several recent hooks [54, 551.
Cell isolation
The principal goals of preparing isolated cells include: I) a
good yield of viable, single, isolated cells; 2) minimal injury
during cell isolation; 3) retaining a maximimum of the biochem-
ical and functional characteristics that are present in vivo.
The methods for obtaining a suspension of isolated cells
usually include both enzymatic and non-enzymatic steps. These
comprise mechanical tissue disruption, Ca-Mg free solu-
tions containing a calcium—chelator, enzymatic digestion of
connective tissue by enzymes such as, collagenase, hyaluroni-
dase, trypsin, and occasionally hypertonic disaccharides to
separate epithelial cells from each other.
Non—enzymatic methods of tissue disruption
Intercellular connections depend on calcium and magnesiuni
and can be weakened by calcium—magnesium free buffers that
may also include divalent cation chelators. Cell separation is
usually initiated by perfusion of the kidney with a Ca F
-Mg4-
free solution. This has no appreciable effect on cell viability and
can be performed at 4°C. Inclusion of chelators such as EDTA,
EGTA, or citrate may not be advisable at this point as pro-
longed exposure to these agents can cause cell damage [561. The
kidney can then be sliced in cold buffer (still Ca4- Mg-free)
and dissected into the cortex, outer and inner medulla as
desired. The respective tissue slices can then he minced into
small fragments. Mechanical disruption of the tissue by a very
loose—fitting Dounce homogenizer or forcing the tissue through
a sieve may also be employed. It should be kept in mind,
though, that such crude mechanical methods may he traumatic
and alter certain functional parameters of the cells [57, 58].
Thus, studies designed to evaluate metabolism or membrane
related processes (such as phospholipids or araehidonic acid)
should avoid mechanical manipulation if possible. Similarly,
prolonged exposure of cells to high (>1 mM) concentrations of
EDTA, EGTA, or citrate may cause cell damage and alter
mitoehondrial function [561. On the other hand, shod exposure
(5 to 10 mm) to low concentrations (<I mM) of the chelators
may be well tolerated and facilitate dissociation of cells [591.
Brief exposure (5 to It) mm) of tissue to Ca1-free EDTA
containing solutions may also improve the yield of subsequent
collagenase digestion (carried out in the presence of calcium)
[591.
Enzymatic methods of tissue disruption
After the initial crude disruption of tissue by mechanical and
Cat-free methods, the next step frequently employs partial
digestion of connective tissue by the use of collagenases yield-
ing suspension of tubules and, in the case of renal cortex,
glomeruli. Collagenases include a group of about 20 enzymes
[601 that hydrolyze proline—containing peptides, including col-
lagen and gelatin. Our increasing knowledge of specific types of
collagen present in the kidney (for epithelia mostly type IV
collagen) also allows the use of more specific collagenases. All
collagenases require calcium for their enzymatic activity [601,
so that 0.5 to 2 m calcium should be included in the buffer or
tissue culture medium employed. Phosphate should be omitted
from the solution. Incubation with 0.05% to 0.15% collagenase
at 37°C for up to one hr will result in little cell damage. Tubules
and cells released can be removed at 10 to 20 mm intervals,
washed and kept on ice until the rest of the tissue is digested.
This decreases exposure time to the collagenase. At each time
point fresh collagenase solution can he added to the rest of the
tissue, Alternatively, the tissue can be superfused with the
collagenase solution while being supported on a 300 pm opening
sieve. Tubular fragments and cells released can be collected
continuously from the effluent.
If the eventual goal is to separate cells from a specific tubular
segment, it may be preferable to first enrich this tubular fraction
(such as proximal tubules [48], distal tubules [501, or thick
ascending limbs of Henle's loop [511) prior to continuing with
enzymatic release of cells from the tubular suspension.
The next step, which can also be combined with the colla-
genase treatment, usually includes trypsin as the major enzyme
and hyaluronidase or DNAse as adjuncts. Trypsin hydrolyses
arginine and lysine containing peptide and ester bonds. It does
not require calcium for enzymatic activity, but is stabilized by
calcium [61]. Inclusion of albumin may further protect trypsin
and decrease reaggregation of cells to some extent. Most crude
trypsin preparations contain in addition chymotrypsin, lipase,
amylase, elastase and collagenase to varying extents [62]. The
exact content of each of these and the specific activity usually
varies considerably from lot to lot [62]. Cleaner and more
defined trypsin preparations can also be used. Incubations are
usually carried 0tH with 0.25% trypsin at 37°C for one hr.
Longer incubations may occasionally be necessary but may
result in considerable cell damage. Cell injury can he decreased
by lowering the incubation temperature [63]. As noted above,
the trypsin and collagenase digestions can be carried out
together to obtain isolated cells, If, however, an intermediate
enrichment for a specific tubular segment is planned, the trypsin
step will have to follow the collagenase treatment and tubular
purification. In any case, it is important to remember that
trypsin attaches to cells and may not be removed by multiple
washes [64]. Addition of serum or some other trypsin inhibitor
may be required in order to inactivate trypsin at the end of the
incubation.
During the cell isolation procedure DNA may be released
from damaged cells and form a gel. This gel will trap cells and
form aggregates. In order to prevent this, either DNase 165] or
hyaluronidase 166] can he included in the above steps as they
will digest the DNA gel. Cell aggregation can also be reduced by
inclusion of such agents as gelatin or bovine serum albumin in
the buffer [671, which provides the additional advantage of
stabilizing the enzymes employed.
Final release of cells from the tubular fragments can be
enhanced by slight mechanical agitation (though harsh mechan-
ical disruption should be avoided) with a magnetic stir bar. If
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cells still have not dissociated, a brief exposure to a hypertonic
(0.5 M) disaccharide may break up gap junctions and zonula
occludens (which are more resistant to enzyme treatment) and
release cells [68]. In the case of collecting duct cells, hypotonic
shock can also be performed at this point [691, which will also
lyse red cells that may be contaminating the preparation.
It should be stressed that throughout the various preparatory
steps, care should be taken to adequately oxygenate the buffer
and to supply substrate for the cells. This can be done by using
cell culture media containing glucose. The solution should also
be adequately buffered to prevent major changes in pH during
the incubation. Finally, the substrate requirements may depend
on the tubules—cells being isolated (such as proximal versus
distal tubules) and solutions should be composed accordingly.
For different nephron segments and different species, the opti-
mal conditions for cell isolation will have to be determined
empirically, aiming for an acceptable compromise between
yield and cell viability.
Cell separation
The major problems to be considered in cell separation
concern the yield and the purity of the respective cells. Yield
can be evaluated based on the number of specific cells present
in the original vs. purified cell population. A low yield may not
only have the disadvantage of obtaining few cells, but may
indicate that the purified cells may not be representative of the
specific cell type. In other words if only 10 to 20% of a defined
cell population is recovered these cells may constitute a minor
subgroup, which may be different from the other 80% not
recovered in the purified fraction. Conclusions drawn from
studies performed on such cells may well be erroneous. It
therefore seems reasonable to only use cells that have been
purified with at least a 50% recovery. In order to do this cell
purity may have to be compromised to some extent.
The purity of cells recovered is the second major consider-
ation and relates to the problem of specific markers. Markers to
be used can be based on biochemical, immunological, or
morphological characteristics of cells. Biochemical markers
that have been used include the pattern of hormone—responsive
adenylate cyclase [11, distribution of enzymes of intermediate
metabolism [2, 3] NaKATPase [11], etc. Immunological
markers should be the most specific means of identifying cells.
Monoclonal antibodies against cell specific surface antigens can
be raised [70, 711. These can then be used to identify specific
cells in the whole kidney as well as in the various fractions of
isolated cells using immunofluorescence methods [69—721.
Monoclonal antibodies can also be used for purification of cells,
as will be discussed later. Immunofluorescence for specific
surface markers (such as Tamm—Horsfall protein in the thick
ascending limb of Henle's loop [73] or lectin binding by inter-
calated cells of the distal tubule [74—761) can also be used to
identify a specific cell population. Finally, histomorphological
and histocytochemical method will be helpful in characterizing
specific cell populations, Tubular cells from different nephron
segments have specific morphological and cytochemical fea-
tures [77]. Unfortunately, some of the morphological landmarks
may be less obvious after cell isolation. In general, absence of
a specific characteristic, such as a negative marker, is a much
less reliable criterion, as a specific marker may be lost or altered
during the isolation procedure. Ideally, a combination of posi-
tive biochemical, immunological and morphological criteria
should be used to identify a specific cell type.
Methods of cell separation
The prerequisite for any attempt to separate cells into specific
populations is that the initial suspension consists of truly
isolated, monodisperse cells. Admixtures such as tubular frag-
ments or aggregates of cells will interfere with proper cell
separation and give erroneous results.
In general, separation methods are based on either differ-
ences in physical or surface properties of the cells. Physical
properties of cells include density, size and charge and surface
properties refer to receptors, lectin binding sites, or specific
antigens.
Separation methods based on physical properties
Density sedimentation. This method makes use of both
differences in density and size of cells using either a continuous
or discontinuous density gradient. In isopyknic sedimentation
different cells will arrive at their respective buoyant points
within the gradient. The density gradient should be made up of
a solution of physiological pH, osmolality and ion composition.
In order to improve cell viability, substrates should be included
and culture media may be employed. The substance used to
produce the gradient should be non-toxic, inert, of low viscos-
ity, not cause cell aggregation, be easy to handle, and stable.
The most widely used substances are Ficoll and Percoll. Ficoll
is a synthetic polymer obtained by copolymerization of sucrose
and epichlorhydrin, and Percoll consists of polydisperse colloi-
dal silica coated with polyvinylpyrolidone.
A given cell population will not consist of a uniform popula-
tion as far as cell size and density is concerned. Therefore, the
distribution of cells from this population within a continuous
gradient will not be in a sharp band, but rather follow a
Gaussian distribution. If multiple cell populations are present,
overlap of the different cell groups has to be expected. In
general this method, therefore, results only in enrichment, but
not true purification, of a specific cell population, unless only
two markedly different cell groups are present.
Nevertheless, a continuous density gradient is preferable to a
discontinuous one. The latter may give the erroneous impres-
sion of clean bands localized to a density change, which will
however be composed of multiple different cell types and
cellular debris. For other problems that may arise the reader is
referred to specific articles [54]. Overall density sedimentation
is a simple and reproducible method. It has been successfully
applied to enrich specific cell populations from mammalian
kidneys. These include cells from the proximal tubule [781, and
from the thick ascending loop of Henle [79]. As mentioned
earlier, density centrifugation can also be used to isolate
glomeruli [19, 20], proximal tubules [48], thick ascending limbs
of Henle's loop [51], and distal tubules [50].
Velocity sedimentation. These methods of cell separation
rely on differences in cell size. In a gradient with densities
remote from those of the cells, cells will remain at a point that
lies above their respective buoyant density. Several technical
variations are available [54], including centrifugal elutriation.
Centrifugal elutriation employs a special rotor where sedimen-
tation in a centrifugal direction is opposed by buffer flowing in
a centripetal direction. Cells emerge according to size and can
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be collected in fractions. This method may he advantageous
when dealing with small cell numbers. Centrifugal elutriation
has been used for enrichment of cells from the thick ascending
limb of Henie's loop [73], Density and velocity sedimentation
can be sequentially used allowing further purification of a
specific cell population [781.
Charge related separation. Different ccli types exhibit vary-
ing surface charges. These can be exploited for separation by
free flow electrophoresis. This method has been used for
enrichment of different renal cortical cells [801. The method is,
however, limited by the relatively small capacity and by the
high cost of the free flow eleetrophoresis machine.
Separation methods based on surface properties
Specific cell surface characteristics such as lectin binding,
receptors and antigens can he used for cell identification and
subsequent isolation. Only cells expressing the respective lectin
binding site or antigen on their surface will adhere to lectin or
antibody—covered surfaces. To date affinity binding for lectins
has not been used for kidney cells. This method may, however,
hold some promise as intercalated cells from the distal tubule
show specific lectin binding sites [74—761.
In very elegant studies by Smith and coworkers, monoclonal
antibodies have been used for isolation and culture of collecting
tubular epithelia [69]. The "immunodissection" technique us-
ing monoclonal antibodies has recently been clearly described
by Smith and Garcia—Perez [71]. They stress that "the ideal
monoclonal antibody for immunodissection should: 1) exhibit
specificity for one renal cell type; 2) be directed against an
antigenie determinant in relatively high ahundance 3) be
noncytotoxic; 4) be an lgG, preferably an IgG that binds tightly
to Protein A-Sepharose" [71].
Several techniques are available to separate cells that bind
antibody or lectin. If culture of the cells is planned, the culture
dish can be coated with the antibody (or lectin) and the
monodisperse cells allowed to adhere for a very brief (few
minutes) period. Nonspecific binding can be reduced by albu-
min. After vigorous washing only cells with specific binding
sites will remain on the dish. Alternatively, the antibody or
lectin can be coupled to microbeads which can then be used in
an affinity chromatography fashion. If magnetic, protein A-
coated microspheres are used for cell attachment, bound and
free cells can he separated in a magnetic field. The major
problem with affinity binding is poor yield, as it may be difficult
to subsequently release cells from their binding without causing
cell damage. Coupling of the monoclonal antibody with a
second fluorescent—tagged antibody will allow identification of
the specific cells by fluorescence. This can then be used for
fluorescent activated cell sorting. The major problems of this
method include cost and complexity of the cell sorter, and slow
speed of cell separation that may result in loss of cell viability.
Monoclonal antibodies can also be used for negative selec-
tion. Antibody coated cells will fix complement (when exposed
to fresh serum), resulting in cell death. Non-antibody fixing
cells will be selected for by this method.
Certainly the method using cell specific monoclonal antibod-
ies (and perhaps lectins, too) are extremely promising. They
will allow the selection of a specific cell type from a very
heterogenous population by a gentle, rapid and highly specific
method. As more and more monoclonal antibodies against renal
cells are being prepared, this cell isolation and separation may
well replace other methods. This method has the additional
appeal of allowing cell culture of specific cells at the same time.
Conclusion
The combination of isolated nephron segments for transport
studies and for the evaluation of associated biochemical events
has considerably improved our understanding of the function of
the various nephron segments. Newer techniques of cell isola-
tion, employing immunological or other surface markers, such
as lectins, should allow the usc of preparations consisting of a
single cell type only.
These cells can then be used to further dissect function,
hormonal response and associated intracellular events within a
given nephron segment. They can also he brought into culture
so that the same cell population, either freshly isolated or
cultured, can be studied. This opens up new perspectives for in
depth investigations of normal renal function and for the
development of in vitro models of various renal diseases.
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